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 The amphipod Diporeia remains the dominant macroinvertebrate in Lake 
Superior despite drastic population declines throughout the rest of the Laurentian Great 
Lakes. Vital to the Lake Superior food web, Diporeia is most abundant in the slope 
region of the lake, at water depths between 30- and 125-meters. It has been hypothesized 
that this slope region is preferred because there are higher rates of both primary 
production and deposition in this zone, resulting in more food availability, but this 
hypothesis has not been directly tested. This study used 120-hour preference-avoidance 
bioassays to determine Diporeia sediment preference from different water depths along a 
transect. Diporeia strongly preferred sediment from 30- and 60-m water depth over 
deeper and shallower sites. Sediment from these two depths had significantly different 
chemical characteristics from each other, including total organic carbon, total nitrogen, 
and total phosphorus, which were used as indicators of food availability and quality. Of 
the variables tested, sediment grain size was the only variable that was consistent 
between the sites preferred by Diporeia, with both the 30- and 60-meter sites classified as 
predominantly medium silt and very poorly sorted. These results suggest that physical 
habitat may have a stronger influence on Diporeia habitat preference than food 
availability alone, arguing against food as a primary driver to Diporeia abundance 
patterns, and further suggesting dreissenid mussel’s role as ecosystem engineers altering 
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The benthic amphipod Diporeia is often considered a keystone species in the 
Laurentian Great Lakes due to its historic abundance and important role in benthic-
pelagic coupling (Auer et al., 2009). A keystone species is a species that has a 
disproportionately large effect on its ecosystem relative to its abundance (Montefalcone 
et al., 2011). Historically, Diporeia was one of the most ubiquitous benthic 
macroinvertebrates throughout the Great Lakes, accounting for more than 70% of benthic 
biomass (Cook & Johnson, 1974). As such, it was important prey for many Great Lakes 
fishes, including whitefish, lake trout, and sculpin (Nalepa et al., 2006).  
Diporeia is a glacial relict formerly known as Pontoporeia. The Pontoporeiidae 
family was divided into three genera, including Diporeia, in 1989. Though other 
members of the Pontoporeia family can be found throughout the Holarctic, Diporeia is 
found only in deep North American glacial lakes (Bousfield, 1989). Diporeia is primarily 
found in the Laurentian Great Lakes and other lakes in the Canadian Precambrian Shield, 
though there are also some populations in lakes near the Pacific coast. It is not tolerant of 
brackish or saltwater (Bousfield, 1989). It is believed that there are four species of 
Diporeia in the Great Lakes, with Diporeia hoyi the most common (Bousfield, 1989; 
Pilgrim et al., 2009). However, Diporeia is generally referred to only by genus in the 
region. This is in part due to the difficulty of identifying individuals to species level, 
especially for females, which are collected in sampling surveys in much higher 
abundance than males (Bousfield, 1989; Pilgrim et al., 2009). Male Diporeia are 
undercounted because they have a much shorter lifespan than females and die after 
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mating. They are also found more often in the pelagic zone than females are (Bousfield, 
1989). Notably, a DNA sequencing study found that Lake Superior’s Diporeia population 
is also genetically distinct from the populations in the lower Great Lakes and may have 
diverged between 0.65 and 4.84 million years ago, before the formation of the Great 
Lakes as we know them today(Pilgrim et al., 2009).  
Diporeia has a one- to two-year life cycle, which is largely dependent on water 
temperature (Balcer, 1984). At colder temperatures, like in the deep slope region of the 
Great Lakes, Diporeia generally has a two-year life cycle, while in warmer waters like 
the shallower shelf region of the Great Lakes or shallower lakes like Lake Washington its 
life cycle is only one year (Balcer, 1984; Evans et al., 1990; Green, 1968). Diporeia 
breeds in the winter (Evans et al., 1990) when short-lived males swim up into the water 
column simultaneously, followed by mature females (Bousfield, 1989). After mating, the 
males, which are primarily pelagic, die (Balcer, 1984; Green, 1968). Females survive 
months longer, releasing their eggs in the spring, resulting in distinguishable year classes 
(Balcer, 1984; Evans et al., 1990). A second mating event can occur in the summer with 
eggs released in late summer (Evans et al., 1990), though this second cohort has not been 
observed in Lake Superior (Auer et al., 2009). In deeper regions of the lake, it is possible 
for animals to have a three-year life cycle (Evans et al., 1990; Winnell & White, 1984).  
These amphipods burrow in the top two centimeters of sediment and play a role in 
sediment bioturbation (Dermott & Corning, 1988). A two-centimeter bioturbation zone is 
shallower than the ten or more centimeter zone common in marine environments. 
Shallow bioturbation and a low sedimentation rate contribute to deeper oxygen 
penetration in Lake Superior sediment (3.5-12 cm) than marine sediment (a few 
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millimeters). This is because bioturbation transports organic material deeper into the 
sediment column which increases oxygen demand (Li et al., 2012). 
While many amphipods are continuous feeders, Diporeia eats intermittently and 
selectively, taking advantage of high-quality diatoms when available. Diporeia is a 
deposit feeder and detritivore, relying on organic matter that settles out of the water 
column (Nalepa et al., 2005). Diporeia selectively consumes large diatoms of the genus 
Stephanodiscus and Aulacoseira in Lake Michigan when available, though its diet has 
shifted to smaller diatoms due to phytoplankton community changes after dreissenid 
mussel introduction (Edlund et al., 2021). Another Lake Michigan survey  found that 
Diporeia guts are mostly full in the spring, with a smaller fullness peak in the fall. There 
is also a lower percentage of animals with empty guts during those time periods (Quigley, 
1988). This seasonally intense feeding behavior is more pronounced in nearshore 
populations than those in deeper waters (Evans et al., 1990). Similar seasonal trends were 
also observed in Lake Ontario (Dermott & Corning, 1988). Given the timing of peak 
fullness during annual phytoplankton blooms, the percent of the population with full guts, 
and the long period of low fullness at other times of the year, Diporeia appears to take 
advantage of high-quality food available seasonally (Dermott & Corning, 1988; Quigley, 
1988), One study indicated that they may be able to survive for as long as six months 
without food (Gauvin et al., 1989; Quigley, 1988).  Diporeia is rich in lipids year-round 
but highest in lipid content in the spring(Gardner et al., 1985). So, Diporeia appears to 
exploit an annual spring diatom bloom when and where it occurs, obtaining a large 
portion of their energy with this high-quality food, then use lipid stores later in the year 
when only low-quality food is available (Dermott & Corning, 1988; Gardner et al., 1990). 
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Though it appears Diporeia preferentially consumes fresh diatoms when available, much 
of its diet is also composed of bacteria (Guiguer & Barton, 2002) and 13C values have 
indicated that benthic algae are also a significant portion of the diet of Diporeia in the 
photic zone in Lake Superior (Sierszen et al., 2006).  
Much of the past work on Diporeia has been observational in nature. Laboratory 
experiments with wild-caught animals have largely focused on Diporeia consumption 
rates and its response to stressors. Early studies focused on Diporeia diet and ingestion 
rates by studying gut filling times (Dermott & Corning, 1988) and breakdown of diatoms 
(Quigley & Vanderploeg, 1991). Similar laboratory studies to identify consumption rates 
were performed by observing radiotracer uptake (Harkey et al., 1994) or fecal pellet 
production (Lozano et al., 2003). Corcoran et al. (2015) expanded this to study 
consumption rate under varying levels of food availability using radiolabeled algae, 
finding that Diporeia consumption rate follows a Michaelis-Menten saturation curve as 
animals are provided an increasing concentration of food. However, the maximum 
consumption rate (1.76 mgC/g dry weight/day) corresponds to a much higher carbon flux 
(1500-2000 mgC/m2/day) than is typically seen in the Great Lakes (57-333 mgC/m2/day), 
suggesting the animals typically exist at suboptimal food levels. Predicted consumption 
rates under Great Lakes sediment flux conditions are 0.08-0.38 mg C/g dry weight/day 
(Corcoran et al., 2015). Though this consumption rate of 0.1% dry body mass per day is 
low compared to other amphipods such as Dikerogammarus villosus (5-15%) (Richter et 
al., 2018) and macroinvertebrates like Mysis mixta (11-39%) (Rudstam, 1989) it is in line 
with previous studies of Diporeia feeding rate (Corcoran et al., 2015). These low 
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measured rates could be influenced by Diporeia’s intermittent feeding behavior (Lozano 
et al., 2003) 
A few experiments have used RNA/DNA ratios as a proxy to investigate Diporeia 
growth. High RNA/DNA ratios suggest an organism is growing or has a greater growth 
potential (Chícharo & Chícharo, 2008). RNA/DNA ratios of Lake Michigan Diporeia 
decreased in response to short-term stress of transport from the field to the laboratory and 
were further depleted by the end of a 30-day starvation experiment, suggesting little 
growth during this food-limited period. A field portion of the same study reported 
RNA/DNA ratios of in situ Diporeia from throughout the Great Lakes but found no 
spatial or temporal environmental factors were able to explain the RNA/DNA differences 
in the field (Ryan et al., 2012). Kainz et al. (2010) performed a laboratory experiment 
looking at survivorship and RNA/DNA ratio in response to food quality. Of their four 
food treatments: Ankistrodesmus falcatus, Microcystis aeruginosa, mixed diatoms, and 
starvation, Diporeia had similar survival rates in all but Microcystis, where 0% survived. 
RNA/DNA ratios were highest in the diatom treatment and lowest in the starvation 
treatment, suggesting highest growth potential in diatom treatment (Kainz et al., 2010).  
Experimental studies investigating Diporeia’s response to various stressors are 
another commonly performed laboratory experiment. Landrum et al. (2000) performed 
bioassays investigating Diporeia mortality and sediment preference using sediment 
collected from sites in Lake Michigan where Diporeia was absent. A 28-day mortality 
assay resulted in no significant mortality in any of the collected sediment, suggesting no 
acute toxins were present.  They also used preference/avoidance bioassays, placing 
animals in a tank with petri dishes of sediment from different sites for 120 hours and 
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observed where Diporeia burrowed at the end of the period. They found that Diporeia 
did show preference, avoiding sediment from one site (St. Joseph) in favor of three other 
sites. Diporeia showed equal preference for sediment from the same sites that had been 
supplemented with diatoms, suggesting that food limitation may be a contributing factor 
in animal preference (Landrum et al., 2000). Assimilation and toxicity studies have been 
done exposing Diporeia to PAH and PCB (Harkey et al., 1994; Landrum et al., 1994, 
2003), and the heavy metal cadmium (Gossiaux et al., 1992). Diporeia’s sensitivity to 
these compounds is similar to that of other amphipods (Landrum & Nalepa, 1998). 
Diporeia’s sensitivity to other stressors like salinity and temperature have also been 
tested in the laboratory (Gossiaux et al., 1992) where mortality was observed starting at 
25 g sea salt/L in salinity tests and 24 hours at 28°C.  
Diporeia is considered an integral part of the Great Lakes food web. They are 
lipid-rich, making them a particularly important prey species for fish (Gardner et al., 
1990). Diporeia also plays a vital role in benthic-pelagic coupling by cycling energy from 
pelagic diatoms and other detritus that settle out of the water column back into higher 
trophic levels. One study estimated that Diporeia assimilates 60% of the organic carbon 
from the spring algal bloom in Lake Michigan (Fitzgerald & Gardner, 1993). These lipid-
rich amphipods are important prey species for many Great Lakes fishes, particularly in 
the nearshore environment (Gamble et al., 2011; Sierszen et al., 2014), including 
sculpins, alewife, bloater, yellow perch, and rainbow smelt, and coregonines such as 
whitefish (Gamble et al., 2011; Nalepa et al., 2006). Approximately half of lake whitefish 
diet was Diporeia prior to Diporeia population declines (Pothoven & Madenjian, 2008), 
and whitefish growth rates have decreased in response (Rennie et al., 2009). 
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Once abundant in all the Great Lakes, Diporeia populations have declined in all 
except Lake Superior since the 1980s and 1990s (Auer et al., 2013; Barbiero et al., 2011; 
Nalepa et al., 2006).  This decline was first observed in southern Lake Michigan (Nalepa 
et al., 1998) and the eastern basin of Lake Erie, where populations had decreased from 
1840 individuals per m2 to 220 per m2 by 1993 (Dermott & Kerec, 1997). This trend has 
since spread to all lakes but Lake Superior. Surveys from the EPA’s Great Lakes 
National Program Office have found that Diporeia was likely entirely gone in Lake Erie 
and nearly absent from sites shallower than 90m in Lakes Ontario, Michigan, and Huron 
(Burlakova et al., 2018). This contrasts with densities as high as 12,000 per m2 in Lake 
Michigan nearshore in the 1980s (Nalepa et al., 1998). At sites deeper than 90m Diporeia 
was still present, but in lower densities than in the past: from 5,230 per m2 (Dermott, 
2001)to 96-198 per m2 in Lake Ontario (Barbiero et al., 2011), from an average of about 
4,000 per m2 (Nalepa et al., 1998) to 57-1409 per m2 (Barbiero et al., 2011) in Lake 
Michigan, and to 191-720 m2 in Lake Huron(Barbiero et al., 2011).  
Declines in Diporeia abundance have roughly coincided with the invasion by 
dreissenid mussels Dreissena polymorpha and D. bugensis into the Great Lakes. D. 
polymorpha was discovered in Lake St. Clair and Lake Erie in 1988 (Griffiths et al., 
1991; Hebert et al., 1989) and had colonized the lakes by 1993 (Nalepa et al., 1998) 
Similarly, D. bugensis was discovered in Lake Erie in 1989 (Mills et al., 1993) and 
rapidly expanded, quickly colonizing Lakes Erie and Ontario (Mills et al., 1999), and 
with established populations in Lake Michigan discovered in 1997 (Nalepa et al., 2001).    
The timelines of the dreissenid mussel invasion and beginning of Diporeia’s 
decline have led to a common, though contested, hypothesis that Diporeia’s decline is 
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due, at least in part, to interactions with dreissenid mussels. Competition with dreissenid 
mussels is one proposed interaction; mussels’ filter feeding removes the seston settling 
out of the water column before it reaches Diporeia, resulting in food limitation (Dermott 
& Kerec, 1997; Nalepa et al., 1998). Shifts in Diporeia diet from larger and more 
preferred diatom species pre-invasion to smaller diatoms post-invasion support the 
hypothesis that Diporeia could be food limited (Edlund et al., 2021), though additional 
physical evidence of starvation is absent. Gauvin et al. (1989) found that Diporeia can 
survive for months without food by relying on their lipid stores, which decline during the 
starvation period (Gauvin et al., 1989). But during the Diporeia population decline in 
Lake Michigan, lipid levels and length-weight relationships remained stable, which 
would be unexpected if Diporeia was experiencing food scarcity(Nalepa et al., 2009). 
Alternative hypotheses about the role of dreissenids in Diporeia decline propose that 
dreissenids psuedofeces are toxic or have a negative effect on Diporeia (Dermott et al., 
2005). 
Several other observations contradict the hypothesis that the invasion of 
dreissenid mussels led to Diporeia’s population decline. Population surveys in Lake 
Michigan showed areas where Diporeia and dreissenid mussels were both abundant, as 
well as areas where Diporeia was once abundant but is now absent without the presence 
of dreissenids (Nalepa et al., 2006). Similarly, Diporeia populations have not declined in 
New York’s Finger Lakes, despite invasion by dreissenid mussels in the 1990s (Watkins 
et al., 2012). Finally, surveys have suggested that Diporeia population declines occurred 
around the same time in Lakes Michigan and Huron (early 2000s), even though only 
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Lake Michigan had a large established dreissenid population at that time (Barbiero et al., 
2011).  
Given their importance in the food web, top-down control by fish predation could 
also be driving Diporeia population decline. A few studies have shown that Diporeia 
population changes have coincided with changes in the fish community (Nalepa et al., 
1998). Dermott (2001) noted that Lake Ontario’s increase in whitefish population in the 
1980s was a possible control on Diporeia population. However, this hypothesis seemed 
unlikely given that there was little change in the relative proportion of the population in 
each Diporeia size class and predation by whitefish would suggest a decrease in large 
individuals (Dermott, 2001). Similar analysis in Lake Michigan also indicated that fish 
predation was an unlikely driver of the pronounced decline in Diporeia population. Large 
declines in Diporeia populations occurred concurrently with a decline in yellow perch 
and relatively stable population of other fish predators (Nalepa et al., 1998). If Diporeia 
control was top-down, an increase in these fish species would be expected. Lake Superior 
Diporeia populations have increased since a 1974 survey (Cook, 1975), which 
corresponds with a decline in multiple benthivorous fish in the lake including slimy 
sculpin, burbot, and bloater (Scharold et al., 2004). Other proposed causes for Diporeia 
decline in the lower Great Lakes include viruses (Hewson et al., 2013) or other pathogens 
(Messick et al., 2004).  
The dramatic shift in the macroinvertebrate community in the Great Lakes from 
Diporeia to dreissenid mussels is of ecological importance, regardless of the cause. 
Diporeia is important in benthic-pelagic coupling, while dreissenids are a poor food 
source for fish (Nalepa et al., 2009). Approximately 80% of dreissenids’ dry biomass is 
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their shell (Nalepa et al., 2009; Roe & MacIsaac, 1997) which is of low nutritional value 
and has a high energetic cost to consume (Nalepa et al., 2009). Despite this, some 
species, like whitefish, have shifted their diets to dreissenids in response to the dramatic 
population changes (Madenjian et al., 2010; Pothoven & Nalepa, 2006). 
Learning more about Diporeia habitat preference and feeding ecology is 
important, given Diporeia’s role in the Great Lakes food web and the uncertainties 
around population declines. Several factors contribute to benthic macroinvertebrate 
habitat, including biotic (food availability, predation pressure) and abiotic (physical 
habitat, temperature, salinity, oxygen availability) forces. Animal fitness is connected to 
both the quantity and quality of food available, and there is evidence suggesting that 
Diporeia success is strongly tied to food, based on their intermittent feeding and reliance 
on diatoms when available. Food availability can be approximated by measuring the 
amount of organic carbon. Food quality can be measured in multiple ways including the 
source of organic carbon and the ratio of carbon to other essential nutrients, like nitrogen 
and phosphorus, which are often limiting in aquatic ecosystems  (Hessen et al. 2013). 
Substrate is also an important aspect of benthic habitats. Lacustrine sediment 
consists of a mixture of inorganic and organic particles and pore water. Diporeia is a 
burrower, and grain size and the amount of pore water can impact whether the animals 
are able to burrow. Grain size also has important implications for food availability for 
detritivores and deposit feeders. Not only do particles need to be of a certain size so that 
animals are able to consume them, but fine sediment often contains more organic matter 
and microorganisms, so food availability should vary with grain size (Levinton, 1995). 
Early studies in the Great Lakes did not find any correlation between Diporeia population 
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density and water depth, sediment particle size, or organic matter content in situ, but did 
find a correlation with bacterial density (Marzolf, 1965). Previous studies have shown 
that Pontoporeia in the Baltic Sea selectively consume sediment that is less than 10 µm 
(Ankar, 1977). Similarly, Diporeia also has been shown to prefer fine sediment, with 
sediment particles under 63 µm (Landrum & Faust, 1991) or 250 µm in diameter 
(Marzolf, 1965) preferentially ingested in previous experiments. 
Despite their decline in the lower Great Lakes, Diporeia has remained the most 
abundant benthic macroinvertebrate in Lake Superior (Barbiero et al., 2011; Mehler et al., 
2018; Scharold et al., 2009; Scharold & Corry, 2021), where they remain a vital part of 
the food web. Diporeia, along with the pelagic zooplankton Mysis, supports Lake 
Superior’s food web, with Diporeia especially important in the near shore region 
(Gamble et al., 2011). Diporeia is so vital in Lake Superior that the Great Lakes Water 
Quality Agreement (GLWQA) uses Diporeia abundance as one of the indicators of 
ecological condition for the lake, calling for a density of 220-320 individuals/m2 in 
nearshore areas (depths under 100 meters) and 30-160 individuals/m2 in offshore (depths 
over 100m) (IJC, 1987; Scharold & Corry, 2021). A probability-based lake-wide survey 
conducted between 2006 and 2016 indicates that over three-quarters of Lake Superior 
meets these targets set by the GLWQA (J. v. Scharold & Corry, 2021). 
The earliest survey of benthos in Lake Superior by Cook (1975) found a 
substantially lower density of Diporeia (243±55) than today. Differences in sampling 
techniques (Shipek grab vs. PONAR) and sampling season (spring vs. summer-late fall) 
may explain some of these differences (Scharold et al., 2004; Scharold & Corry, 2021), 
though additional explanations include a coinciding decrease in the population of 
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benthivorous fish such as slimy sculpin and ninespine stickleback (Bronte et al., 2003; 
Scharold & Corry, 2021) or a doubling of the diatom biomass from the 1970s to 2001 
(Munawar & Munawar, 2009; Scharold & Corry, 2021).  
The reason for Diporeia’s continued success in Lake Superior is unknown, as is 
the population’s future. Dreissenids are not well established in the lake, with populations 
only observed in the Duluth-Superior Harbor (Grigorovich et al., 2008) and Apostle 
Islands National Lakeshore (Lafrancois et al., 2019). However, despite Diporeia’s overall 
high abundance, a recent survey of nearshore monitoring stations found that population 
densities in 2016 (837  132 per m2) were the lowest it had been since 1994 (1937  224 
per m2) (Mehler et al., 2018; J. V. Scharold et al., 2009). Historically, Diporeia densities 
have fluctuated greatly in Lake Superior, dipping in 2000 (1300  250 per m2) and rising 
again in 2003 (2050  260 per m2) (Scharold et al., 2009). So, there is uncertainty 
whether the low abundance in 2016 was the result of inter-annual variation or the first 
signs of the population decline observed in the lower Great Lakes (Mehler et al., 2018).  
Previous studies have shown that Diporeia displays a unimodal abundance by 
depth in Lake Superior, with the highest density in the slope region between 30- and 125-
meter water depth (Auer et al., 2013). This nearshore region generally has more primary 
production and more concentrated nutrients than the open lake (Howell et al., 2012; 
Makarewicz & Lewis, 2015; Sterner, 2021; Yurista et al., 2011). Deposition rates, 
measured by sediment traps, were also greater in this Keweenaw slope region than at 
nearby lakeward sites (Urban et al., 2004). Auer et al. (2013) called this region of high 
primary productivity and high deposition the “Ring of Fire”, so coined because this depth 
region forms a ring around the lake and due to the abundance of Diporeia in this zone, 
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which accounts for less than one quarter of the lakebed area. They hypothesized that 
higher rates of pelagic primary production and subsequent deposition results in more food 
availability in this region, which promotes amphipod success (Auer et al., 2013). 
However, no study has yet directly tested the hypothesis that food availability in this 
region drives the population density.  
This study investigated what factors contribute to Diporeia abundance in this 
slope region by investigating sediment characteristics and Diporeia preferences along a 
depth transect on Lake Superior’s north shore. I collected animals and sediment from 
sites along this transect to perform laboratory bioassays observing Diporeia sediment 
choice along this depth gradient. I then characterized sediment from these sites based on 
physical (bulk density, sediment grain size) and chemical (loss on ignition, TOC, TN, TP, 
13C) characteristics to determine what factors contribute to Diporeia abundance. I 
hypothesized that Diporeia would prefer sediment from intermediate depths along the 







Field Collections  
 
Samples were collected from a transect on the north shore of Lake Superior 
(Figure 1) aboard the R/V Blue Heron and R/V Kingfisher over the summer of 2018 
(May-October). The location of the transect was chosen due to its bathymetry, allowing 
for a large depth range to be sampled over a short distance (Figure 1, Table 1). The site 
was near the mouth of the French River in the Duluth sub-basin of Lake Superior. 
Overall, sediment in the Duluth sub-basin is characteristic of sediment throughout Lake 
Superior: predominantly clay, with a large proportion of silt and small component of 
sand. Sediment grains are coarser near the shore and become finer further offshore and 
inorganic carbon content is very small , less than 0.01% (Thomas & Dell, 1978).(Thomas 
& Dell, 1978). The sedimentation rate is higher in the Duluth sub-basin (0.025 
g/cm2/year) than in other areas of the lake because sediment from eroding Wisconsin lake 
bluffs enters the lake through the Duluth-Superior harbor (Corcoran et al., 2018; Kemp et 
al., 1978). My transect was on the northern shoreline of the Duluth sub-basin, where 
bedrock mountains and hills are thought to contribute a negligible input from erosion, 
especially when compared to the southern shore (Kemp et al., 1978).  
Sediment and macroinvertebrate samples were collected with a PONAR grab 
sampler with a 0.052 m2 surface area. PONAR surface screens were opened to collect 
undisturbed surficial sediment (top 2 cm) for chemical (TOC, TOC, TN, TP) and physical 
(bulk density, grain size) analysis, as well as for use in preference/avoidance assays.  
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Macroinvertebrate samples were also collected using a PONAR grab sampler. 
Samples were washed through a sediment elutriator (surface area approximately 0.25 m2) 
with a 500m (5/14-16/18, 6/5-7/18, 10/6/18) or 210m (6/27/18, 7/17/18, and 8/14/18) 
net and Diporeia were transported back to the lab in 500mL bottles with lake water. 
Bottles were stored with lids off at 4C in the dark until animals were released into 
preference/avoidance assays or analyzed for length/weight relationship and body 
composition analysis.  
I was not able to conduct a rigorous abundance survey along this transect, due to 
time constraints. However, anecdotally, Diporeia was most abundant at the 30m and 60m 
site. There were moderate numbers at the 15m site. Deeper sites, (90, 120, and 150m) 
sites had very few Diporeia individuals, though at least one animal was seen at each 




Five different 120-hour preference/avoidance assays were performed to observe 
Diporeia behavior and preference for sediment from different water depths, times of year, 
and differently aged sediment using similar methods to Landrum et al. (2000) (See 
Treatment Summaries). These tests assume that after 120 hours, Diporeia will have 
burrowed into the preferred and/or avoided the least preferred sediment options.   
Sediment for preference/avoidance assays was homogenized manually while wet. 
In all trials there was a control of ashed beach sand collected from Park Point in Duluth, 
MN (46°46'17.3"N 92°05'13.7"W). Sediment was not pre-treated or filtered to remove 
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organic matter before use in preference/avoidance experiments unless otherwise noted in 
the treatment description.  
For preference/avoidance tests, 6cm diameter petri-dishes were filled with an 
equal volume of sediment from given treatment (Table 2) and set on the bottom of a 56.8-
liter glass tank filled to 10cm depth with 0.45 m-filtered Lake Superior water. Tanks 
were aerated and kept at 4C with no light for the duration of experiments.  
Fifty Diporeia were released into the center of each tank and left for 120 hours. 
Animals caught in the surface tension were manually resubmerged during daily 
observations. After 120 hours, sediment dishes were removed, washed through a 500 m 
sieve and the number of live burrowed individual Diporeia in each dish were recorded. 
Animals still swimming were not included in the analysis. 
Occasionally more animals were recovered than were thought to be released 
(Table 2). This was likely because sediment was not pre-treated or filtered to remove 
organic matter so some animals already buried in this sediment may have been 
introduced. Therefore, I chose to include any such additional animals in our analysis. 
Similarly, in some tanks not all animals released were recovered. This was due to 
mortality or because not all the Diporeia were found burrowed after 120 hours. 
Unburrowed individuals could be seen swimming in the tank during dish removal but 




Trial 1: Water Depth Alone (Trial 1A and 1B): The top 2 cm of sediment was collected 
from sites along a transect of water depth. Samples were taken at 15-, 30-, 60-, 90-, 120-, 
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and 150-meter water depth, at the coordinates found in Table 1. Two trials (1A and 1B) 
were run simultaneously in separate tanks. This test was run to determine whether 
Diporeia preferred sediment from any of the selected water depths along the transect. 
 
Trial 2: Sediment Collected on Different Dates (Trial 2A and 2B): The top 2 cm of 
sediment was collected throughout the sampling season and frozen (Table 1). Sediment 
was then thawed before equal volumes were placed in each dish before trials. Two trials 
were performed at the same time, one tank with sediment from the 30m site (2A), and 
one with sediment from the 60m site (2B). This test was used to observe whether 
Diporeia preferred sediment from different times of year.  
 
Trial 3: Water Depth and Sediment Depth combined: Sediment collected via PONAR 
was subsampled at 2cm intervals from surface to 6cm from 30 and 60m water depth, 
resulting in 3 sediment depth categories (0-2, 2-4, and 4-6 cm) for both 30 and 60m sites. 
This trial was done to investigate whether the age of sediment impacted Diporeia choice, 
or whether newly deposited sediment was preferred over older sediment.  
 
Trial 4: Newly Deposited Sediment from Deeper Sites, and Older Sediment from 
Shallower Sites: 4-6cm sediment was used from 30 and 60m sites, while more recently 
deposited surficial sediment (0-2cm) was used from 90 and 150m sites for 4 different 
treatments (4-6cm sediment from 30m site, 4-6cm sediment from 60m site, 0-2cm 
sediment from 90m site, and 0-2cm sediment from 150m site). This trial investigated 




Trial 5: Food Subsidized Study: Commercial fish food (TetraMin® tropical flakes and 
Zoo Med Spirulina 20 fish food flakes) were added to 60m surficial sediment. Low food 
treatments contained 0.05mg dry weight of fish food and high food treatments contained 
0.1mg. Quantity of food additions was determined after a previous pilot run with larger 
food additions. In this pilot study animals completely avoided the highest food additions 
(0.25mg) but did burrow in dishes with 0.1 and 0.05mg of added food. Food was mixed 
into the sediment manually until it appeared to be homogenous within the petri dish. This 
trial was used to look at whether food limitation seemed to be a factor in Diporeia 
preference. Both TetraMin® and Spirulina have been used in experiments or to rear 
Diporeia in the Great Lakes Environmental Research Laboratory (Landrum et al., 2000). 
 
Sediment Chemistry  
 
 Surficial sediment samples from each sampling date and water depth were 
analyzed for loss on ignition, TOC, 13C, TN, and 15N, and TP. Upon return to the 
laboratory, all sediment for chemical analysis was frozen, freeze dried, and then 
homogenized with a mortar and pestle prior to analysis.  
 
Loss on Ignition (LOI) was analyzed as an estimate for organic matter content 
(Schumacher 2002). Homogenized samples were subsampled and weighed on an 
analytical balance (to a target weight of 0.420-1.308 g). These samples were then heated 
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in a muffle furnace for 12 hours at 550C. After cooling to room temperature, I again 
recorded the mass of the sample, and calculated the percent organic matter: 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡
  100 
 
Sediment Total Organic Carbon (TOC), Stable Carbon Isotopes (13C), Total Nitrogen 
(TN), and Nitrogen Isotopes (15N) were analyzed by EA-IRMS at the Large Lakes 
Observatory on a Finnegan Delta Plus XP isotope ratio mass spectrometer and using the 
Costech EA inlet. Standards used were acetanilide, caffeine, B-2153, and B-2159. 
Sediment subsamples were weighed, wrapped in Sn capsules, and analyzed for weight 
percent of TOC, 13C, TN, and 15N. Samples were not fumigated to remove carbonates 
prior to analysis, as a test run did not show a substantial difference in fumigated vs. non-
fumigated samples suggesting a small percentage of carbonates. Past studies have also 
shown negligible inorganic carbon in Lake Superior sediment (Heinen & McManus, 
2004; Li et al., 2012)(Heinen & McManus, 2004; Li et al., 2012). Therefore, all C 
measured in this way is referred to as organic. All samples were run in duplicate, with 
both values included in analysis. 
 
Sediment Total Phosphorus (TP) was analyzed on SEAL AQ-400 Discrete Analyzer. 
Weighed sediment samples were ashed at 550C for 2 hours. After cooling to room 
temperature 0.8mL of 10N H2SO4 was added to the sample and mixed, followed by 
10mL of MQ water. Samples were then heated for 10 minutes at 100C. After cooling 
back to room temperature, 2mL of molybdate reagent was added followed by 20 mL of 
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MQ water. Following digestions, samples were measured on a SEAL AQ-400 at 880 nm. 
All samples were run in duplicate, with both values included in analysis.  
 
Sediment Physical Properties 
 
Bulk Density. Sediment for bulk density was collected by PONAR on the same dates as 
sediment samples for experiments. A known volume of sediment was taken from the top 
2 cm of the PONAR grab using a plastic syringe. Samples were frozen and freeze-dried, 
and the mass of dry sediment was divided by sediment volume to calculate bulk density. 
All samples were taken in triplicate except for the on the following dates: (6/7/18, 30m 
and 60m one additional sample was taken for 4 total replicates; 6/27/18, 150m had 1 
sample only, 8/14/18, 150m had 2 samples only).  
 
Grain size was analyzed on a Horiba Grain Size Analyzer LA-920 at LacCore in 
Minneapolis, MN. Sediment samples were stored at 4C until pretreatment to remove 
organic matter and carbonates began.  
To pretreat, approximately 5 cubic centimeters of sediment were placed in falcon 
tubes. Organic matter was removed using 30% H2O2. Samples were placed in a water 
bath heated to 85C and 1mL H2O2 was added. Once reactions slowed, H2O2 was added 
in 2-5mL increments until a total of 30mL was added. After reactions had stopped, all 
samples were rinsed 3 times with 40 mL DI water by centrifuging samples at 3500 rpm 
for 20 minutes with DI rinse and then removing supernatant using a pipette sipper 
attached to a vacuum. Following this rinse carbonates were removed using a 10% HCl 
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solution. 1 mL of HCl was added to the homogenized sample at room temperature. Once 
the reaction stopped HCl was added in 2mL increments until a total of 5mL HCl was 
reached. The samples were again rinsed with DI water 3 times. Biogenic silica was not 
removed. All pretreatment was based on LacCore’s standard operating procedures 
(Triplett and Heck, 2013). Following pretreatment all samples were analyzed on a Horiba 




All statistical analyses were performed in RStudio (version 1.3.1093) unless 
otherwise noted (RStudio, 2020). I used two different approaches for statistical analysis 
in preference/avoidance experiments.  First, because the data are fundamentally count 
data, I did loglinear modeling with expected values being equal across the table, adopting 
the framework for analysis provided by (Manly, 1993). I hypothesized that animals 
would not burrow randomly in preference avoidance tests (p<0.05). Models with more 
than one predictor variables were chosen based on Akaike information criterion (AIC), 
which penalizes for additional predictor variables (Quinn & Keough, 2003). I chose 
models with lower AIC, indicating a model with better fit.  
The loglinear modeling approach provided an overall p-value for the test of non-
independence in the data (i.e., whether Diporeia sorted by depth of sediment 
origin).  More than 1 animal was expected to be burrowed in each dish for these 
tests. Though some authors caution against using this test where expected values are less 
than 5, this is because the tests become conservative with low sample size (Agresti, 
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2007). Given these concerns, I also performed a Kruskal-Wallis nonparametric test where 
each dish served as replicate within treatments. Kruskal-Wallis tests were followed with a 
Dunn test using the Bonferroni correction for multiple comparisons to determine which 
specific treatments were driving significance.  
Loglinear modeling and the Kruskal-Wallis test have different strengths and 
weaknesses. Loglinear modeling is most appropriate for categorial multi-dimensional 
data and places more emphasis on individual data points, so outliers have a larger 
influence.  Kruskal-Wallis, analogous to one-way ANOVA, is a nonparametric test for 
whether samples arise from the same population. Kruskal-Wallis compares ranked sums, 
so it is sensitive to the median values of groups. Loglinear models assume that counts 
within each cell follow a Poisson distribution.  Kruskal-Wallis tests assume all groups 
come from an identically shaped and scaled distribution (though not necessarily normal), 
that differ only in their median. Neither statistical approach is clearly nor entirely correct 
in this application. Therefore, I interpreted the data using both approaches and have the 
greatest confidence in the conclusions when the two approaches agree.   
For the water and sediment depth treatment I performed a series of 1-way 
Kruskal-Wallis nonparametric tests to test the interaction between water and sediment 
depth, as Kruskal-Wallis is unable to accommodate a factorial design. 
A one-way ANOVA (=0.05) was used to analyze sediment chemistry and bulk 
density data. Assumptions were met without transformations. Post-hoc Tukey HSD tests 
were run to determine differences between groups. 
The GRADISTAT statistics package in Microsoft Excel was used to analyze grain 
size statistics including mean, median, mode, sorting, skew, kurtosis, D10, D50, and D90 
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(Blott & Pye, 2001). D10, D50, and D90 are values that help describe the distribution of 
grain size, for example, D10 is the grain size where 10% of the material is finer. D50 is the 
median grain size and D16 and D84 show the grain sizes one standard deviation from the 
mean. GRADISTAT uses Folk and Ward’s (1957) methods for calculating grain size 
summary statistics (Blott & Pye, 2001). Mean is calculated using the following equation:  
𝑀𝑒𝑎𝑛 =  
𝐷16 +  𝐷50 +  𝐷84
3
 
Sorting is a commonly used measure of the variance of grain size within a sample 
that is able to incorporate the tails of the sample better than standard deviation alone 
(Folk & Ward, 1957). Well-sorted samples have a lower variance of grain size than 
poorly sorted samples. It is calculated using Folk and Ward’s modified geometric method 
(1957) (Blott & Pye, 2001):   
𝑆𝑜𝑟𝑡𝑖𝑛𝑔 = exp  ( 
ln 𝐷16 − ln 𝐷84 
4
 +  
ln 𝐷5 − ln 𝐷95
6.6
 ) 
GRADISTAT also classifies the sample by overall texture based on the percentage of the 
sample that falls into various grain size classifications using Folk’s (1954) classification 
system. Skew is a measure of how asymmetrical the grain size curve is. A negative skew 
means the tail of the curve is coarser grains (i.e., there are more fine sediment grains) 
while a positive skew indicates the opposite (Folk & Ward, 1957). 
𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =  
ln 𝐷16 + ln 𝐷84 − 2 (ln 𝐷50)
2 (ln 𝐷84 − ln 𝐷16)
 + 
ln 𝐷5 + ln 𝐷95 − 2(ln 𝐷50)
2 (ln 𝐷25 − ln 𝐷5)
 
Kurtosis is used to describe the shape of a distribution relative to a normal. A value closer 
to 1 is more normal, with values greater than 1 generally more peaked and values lower 
than 1 flatter. Kurtosis is another measure of how grain sizes are sorted, with values 
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greater than 1 more poorly sorted than values less than 1, which would have more outliers 
(Folk & Ward, 1957).  
𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =
ln 𝐷5 − ln 𝐷95
2.44(ln 𝐷25 − ln 𝐷75)
 
Finally, the cumulative percentage curve is used to determine Dx, which gives the grain 
size for which x percent of grains are finer. So, for example, 10% of grains are finer than 









All statistics for preference/avoidance experiments were performed both with and 
without ashed sand control. In all cases if the threshold for significance (α=0.05) was met 
with the control it was also met without the control, and vice versa. Because of these 
congruent results, all preference/avoidance statistics are reported in this section without 
the control. 
 
Trial 1: Water Depth Alone.  
 
Trial 1 was used to determine whether Diporeia preferred sediment from a 
particular water depth.  Preference/avoidance tests using surficial sediment from each of 
the six sites along the transect were run in two separate tanks (Tank 1A and 1B, Figure 
2). Experiments in the two tanks were run simultaneously and with the same conditions, 
including using sediment and animals collected on the same day. Analyzed 
independently, loglinear modeling suggested that animals did not burrow at random in 
one of the tanks (1A, p<0.001), while there was no evidence of preferential burrowing in 
the other (1B, p=0.10). This could reflect the conservative nature of the long-linear model 
with low expected values or result from the large number of zero counts and high 
variance within cells. In contrast, the Kruskal-Wallis tests suggested animals did not 
burrow at random in both tanks (1A, p=0.0011; 1B, p=0.0032) (Table 3). The most 
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notable differences between the two trials are that 1B had more individuals found 
burrowed in 15 m sediment than 1A (Figure 2).  
However, AIC suggested that water depth alone was the most parsimonious 
predictor of Diporeia choice (AIC = 86.93) (Table 4). Therefore, I eliminated models 
including tank as a factor and combined data from trials 1A and 1B (“Trial 1”). 
Analyzing the combined dataset, both loglinear (p=0.0013) and K-W ANOVA (p<0.001) 
show that Diporeia did not burrow in sediment randomly (Table 3). More Diporeia were 
found burrowed in sediment from 30 and 60m water depth over deeper and shallower 
sites (Figure 3, Table 5, χ2 = 38.147, df=5, p<0.001). The control (ashed beach sand) as 
well as sediment from sites at or deeper than 90m were avoided completely, with no 
animals found burrowed in those dishes. Some individuals were found burrowed in the 
15m sediment (mean = 0.88  1.4), but significantly fewer than 60m (mean = 7.5 ± 7.2), 
and fewer than 30m (mean = 4.0 ± 3.0) (Table 5). There was a large variance in the 
number of individual Diporeia in the dishes in which they were found, particularly the 
60m dish (2-22 individuals/dish, mean = 7.5 ± 7.2) (Figure 3). 
 
Trial 2: Sediment Collected on Different Dates.  
 
Diporeia did not show a clear preference for sediment collected on different 
dates, though different statistical approaches yielded somewhat different interpretations 
(Figure 4).  According to Kruskal-Wallis tests (p=0.58 for 2A, p=0.95 for 2B, Table 6) 
there was no preference detected. However, loglinear modeling provided some evidence 
that Diporeia did not choose dishes randomly (p=0.039 for 2A, p<0.001 for 2B, Table 6).  
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There was large variance in the number of animals found burrowed between 
replicates for select months, with June in the 60m trial (Trial 2B) as the most extreme 
example, with 1 individual in the least populated dish, and 13 individuals in the most 
(Figure 4B). Evidence for seasonal preferences thus was equivocal. Selection based on 
season was weak to absent.  
 
Trial 3: Water Depth and Sediment Depth combined.  
 
 The experiment looking at recently deposited sediment (0-2cm sediment depth) 
vs. older sediment (2-4 and 4-6cm sediment depth) suggested Diporeia may not be 
burrowing at random, but results were not entirely consistent statistically. The best fit 
model was with an interaction between site depth and sediment depth, which indicated 
that animals were not burrowing randomly (AIC=81.94, p<0.001, Table 7). However, 
when a 1-way Kruskal-Wallis test was performed, sediment depth alone influenced 
Diporeia dish choice (p=0.047, Table 8), not the interaction between water and sediment 
depth (p=0.12, Table 8). Significantly more Diporeia were found burrowed in the most 
recently deposited surficial sediment (0-2cm) than sediment that was 2-4cm deep (Figure 
5, p=0.042, Table 9). Though not statistically significant, there were also more animals 
burrowed in surficial sediment than sediment 4-6cm deep (p=0.057, Table 9) 
 





 Previous trials clearly showed that Diporeia preferred sediment from the 30 and 
60m sites and suggested that they may prefer newly deposited to older sediment. This 
trial was used to investigate this further and determine whether the preference for 
sediment from shallower water depth was impacted by sediment age. Site was more 
important in Diporeia choice than sediment age. Older sediment (4-6cm sediment depth) 
from the two shallower sites (30m and 60m) was preferred over surficial sediment from 
deeper sites (90 and 150m) (Figure 6). Both loglinear modeling (χ2 = 60.036, df = 20, 
p<0.001) and K-W tests (χ2 = 10.93, df = 3, p=0.012) show that Diporeia do not burrow 
at random. However, pairwise tests between treatments did not show significant 
differences between groups, though the p-value between groups with older and newer 
sediment were low (Table 10).  
 
Trial 5: Food Subsidized Study.  
 
 Diporeia did not show evidence of preference in the food addition 
preference/avoidance assay. The interaction between the type of food added (TetraMin® 
vs. Spirulina 20) and the amount (0.05 vs. 0.1mg) was the best fit loglinear model to 
explain Diporeia burrowing (AIC=39.63, Table 11). Both loglinear modeling and 
Kruskal-Wallis test suggested that additional food does not have a significant influence 
on Diporeia preference for 60m sediment (Figure 7, loglinear modeling p=0.28, Table 11, 
K-W ANOVA p=0.88, Table 12).  
 




Overall, preference/avoidance tests indicated that Diporeia shows a strong and 
consistent preference for sediment from 30 and 60m water depth over deeper and 
shallower sites. Animals prefer recently deposited surficial sediment over older, deeper 
sediment, but preference for site location is stronger than that for sediment age. Some 
evidence was found that Diporeia preferred sediment from early in the summer season, 
but this conclusion was not clear cut. There was little to no evidence to support the 
hypothesis that animals prefer sediment with supplemented food. 
 
Sediment Chemistry  
 
Surficial sediment from the 15 and 30m sites had lower organic content than 
deeper sites (Figure 8). LOI was used as an estimate of organic content in surficial 
sediment samples. LOI was significantly different between the shallow (15 and 30m) and 
deep sites (60 through 150m) (1-way ANOVA, F = 16.76, df. = 5, p < 0.0001), therefore 
deeper sites along the transect (60m and deeper) had higher percent organic content than 
these shallower sites (Figure 8, Table 13).  
TOC (Figure 9A), and TN (Figure 9B) in sediment samples showed a similar 
pattern to LOI, with the shallower 15 and 30m sites having significantly lower weight 
percent C (1-way ANOVA, p<0.0001) and N (1-way ANOVA, p<0.0001) than deeper 
sites (Table 14-15). TP (1-way ANOVA, p<0.0001) was also lowest in the two 
shallowest sites, but percent TP at 60m is more intermediate (Figure 9C, Table 16). The 
date the sample was collected did not have a significant effect on TOC, TN, or TP, as 
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evidenced by 1-way ANOVA using water depth, collection date, as well as the 
interaction term (p = 0.175 for TOC, p = 0.171 for TN, p = 0.12 for TP).  Overall, sites do 
have significantly different sediment chemistry, with significantly higher percent organic 
carbon, TOC, TN, and TP at the deeper sites (60-150m) than the shallow sites (15 and 
30m). 
Sediment C:N ratios were consistent across all depths (1-way ANOVA, p=0.102) 
while C:P (p<0.001) and N:P (p<0.001) ratios were significantly smaller at 15 and 30m 
water depth than at deeper sites (Figure 10, Table 17-18). 13C (1-way ANOVA, 
p<0.0001) became steadily more depleted as sites deepen and get further from shore 
(Figure 11), with sites 90m and deeper significantly more depleted than 60m and 
shallower (Table 19).  
 
Bulk Density and Grain Size Analysis 
 
 Bulk density was significantly different between depths (1-way ANOVA, 
p<0.001). The shallower 15 and 30m sites had significantly higher bulk density than 
deeper sites (Figure 12, Table 20).  
All sample sites were primarily composed of silt with a mode grain size of 
14.21m. The 15-60m sites were dominated primarily by medium silt, while the 90m and 
deeper sites were dominated by fine silt. All samples were poorly sorted except for 30 
and 60m sites, which were very poorly sorted, with a larger spread of grain sizes (Table 
21, Figure 13). In general, there was a larger percentage of large particles at sites that 






 Results from preference-avoidance assays indicated that Diporeia preferentially 
burrowed in surficial sediment from 30 and 60 m water depth. However, the sediment 
chemistry from these two sites did not set them apart from the other locations along the 
transect. . These two water depths did not share similar amounts of carbon, nitrogen, or 
phosphorus, with 30m site having significantly less of all three elements than the 60m 
site, though 13C was similar at both the 30 and 60m site. The same pattern held for bulk 
density, with the 30m site having significantly higher bulk density than the 60m site. 
Grain size, on the other hand, did show some similarities between 30 and 60m sediments, 
and that those two depths differ from other depths. Both the 30 and 60m sites were 







Preference-avoidance assays demonstrated that Diporeia collected from a depth 
transect in Lake Superior showed strong preference for sediment from intermediate water 
depths, supporting one of the main hypotheses of this study. This pattern of preference 
aligns with known regions of greatest Diporeia population density in Lake Superior, 
which shows abundance peaks between 20- and 65-meter water depth (Auer et al., 2013; 
Auer et al., 2009; Auer & Kahn, 2004; Barbiero et al., 2011; Kraft, 1979; Scharold & 
Corry, 2021). Similar regions of high abundance have been noted throughout the Great 
Lakes since as early as the 1930s (Auer et al., 2013), including high density regions 
between 30 and 50 meters in Lake Michigan (Nalepa, 1989; Nalepa et al., 2000, 2005), 
between 30 and 90 meters in Lake Huron (Dobiesz et al., 2005) and between 31 and 36 
meters in Lake Ontario (Sly & Christie, 1992). Though quantitative abundance data were 
not collected during this study, the 30- and 60-meter sites were also where Diporeia 
appeared to be most abundant along the studied transect.  
The other hypothesis, that Diporeia preference would correspond with indicators 
of food availability or higher quality food, was not supported. TOC along the study 
transect was greater at the sites in water 60 meters or deeper compared to the 15- and 30-
meter sites (Figure 9, Table 14). This is consistent with studies demonstrating that 
organic content increases as particle size decreases, which occurs when moving lakeward 
into less turbulent regions. (Auer et al., 2013; Thomas & Dell, 1978). Sediment TN and 
TP showed similar patterns, with a significantly higher percentage of TN and TP at the 
deeper sites (60-meters and greater) than shallower (15- and 30-meter sites) (Figure 10, 
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Tables 15 and 16). 13C values also differed by depth, steadily becoming more depleted 
as depth increased (Figure 11). This suggests that the form of sediment organic carbon is 
shifting along the gradient moving lakeward, though the cause is unclear. Differing 13C 
values can indicate different carbon sources, and more depleted 13C can indicate more 
autochthonous carbon sources than allochthonous, suggesting more terrestrial organic 
matter in the nearshore environment. However, the 13C composition of freshwater algae 
(-24 to -30‰) overlaps with that of C3 terrestrial plants (-23 to -26‰), (Bianchi & 
Canuel, 2011; Meyers, 1997) making distinguishing between allochthonous and 
autochthonous carbon sources challenging in freshwater environments. Additionally, 
though the 13C can indicate the source of carbon, it can also be connected to lipid 
content, with lipids having more negative 13C values (Masclaux & Richoux, 2017), so it 
is possible the deeper sites with more depleted 13C are richer in lipids. 
Regardless, Diporeia preference does not appear to  follow carbon, nitrogen, or 
phosphorus patterns alone. If Diporeia was primarily cueing into food or nutrient 
availability, I would expect them to prefer sediment from sites 60m and deeper, but 
animals also showed a strong preference for sediment from the 30-meter site. This 
suggests that food is not the main driver of Diporeia habitat preference and thus, 
presumably, distribution.  
 This study did find that sediment grain size corresponded with Diporeia 
preference. Sediments from both 30- and 60-meter sites were primarily medium silt, but 
were very poorly sorted, so there was a large variance of grain sizes (Figure 13, Table 
21). Though they were the richest in total carbon, phosphorus, and nitrogen, the poorly 
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sorted, fine silt sites at 90-meter water depth and deeper were entirely avoided in 
laboratory preference-avoidance experiments (Trial 1, Figure 2).   
Auer et al. 2013 hypothesized that Diporeia abundance was concentrated in a 
“ring of fire” on the slope of Lake Superior that corresponded to a zone of “transitional 
deposition”. They proposed that this transitional region is uniquely located near areas 
where shallower nearshore regions with high primary productivity but also high 
resuspension rates, meet the less productive and less turbulent profundal lake. Therefore, 
this zone is depositional, but with higher food availability (Auer et al., 2013). However, 
evidence for the cause of the “ring of fire” is circumstantial and exact cause remains 
unknown. The present study is the first direct test of Diporeia sediment preference along 
a depth gradient and it found that Diporeia does show a strong preference for sites that 
correspond to the same depth range as the “ring of fire.” This implies that something 
about or in the sediment at those sites is appealing to Diporeia. Sediment chemistry and 
physical analysis suggest that sediment grain size (physical habitat) may be more 
important than food availability or quality alone in Diporeia habitat selection and 
distribution. This is not to say that food availability is irrelevant, but rather that other 
factors such as physical habitat may be a stronger driver in habitat choice than previously 
thought. 
Sediment grain size can affect physical habitat characteristics important to the 
burrowing Diporeia. Both the amount of pore water and sediment grain size influence 
sediment texture, which can influence how easily macroinvertebrates can burrow, 
including burrowing rate and depth (Nel et al., 2001; Sun et al., 2019). Cummins and 
Lauff (1969) found that the distribution of benthic macroinvertebrates in stream 
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environments was influenced by several factors. While temperature, current velocity, and 
chemical parameters (like pH and oxygen saturation) determined if a habitat was 
tolerable, substrate particle size and food availability determined macroinvertebrate 
distribution within suitable habitat (Cummins & Lauff, 1969). Other studies have found 
that benthic macroinvertebrate species richness is higher in heterogenous sediment in 
riverine environments (Beisel et al., 1998), and species richness and abundance is highest 
in coarse sediment in groundwater aquifers (Korbel et al., 2019). Korbel also found that 
amphipods preferred course sediment to clay and were unable to burrow into clay 
sediment in their experiment. The pore spaces in clay sediment were found to be small 
enough that animals were unable to move between interstitial spaces and had to actively 
dig to move through the sediment (Korbel et al., 2019). Sediment grain size and substrate 
preferences are dependent on the species.     
Sediment grain size may also be more important than food availability due to 
Diporeia’s ability to feed intermittently. Rich lipid stores mean that animals can survive 
for long periods of time without significant food, as evident by exploitation of the spring 
diatom bloom in Lake Michigan (Dermott & Corning, 1988; Gardner et al., 1990). 
However, the correspondence to Lake Superior which lacks similar seasonality in diatom 
production is questionable. If animals are relying on internal energy stores in times of 
low food availability, other pressures, like physical habitat, may be more important in 
habitat selection.  
Sediment grain size is not completely disconnected from dietary needs. 
Amphipods are gape-limited, meaning they are only able to consume what they can fit in 
their mouth (Smith & Petranka, 1987). Previous studies have suggested that Diporeia 
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prefer to consume fine sediment particles with a diameter less than 63 µm (Landrum & 
Faust, 1991) or 250 µm (Marzolf, 1965). However, all the sites in this study, other than 
the beach sand control, had both mean and mode sediment grain size under the 63 µm 
threshold, suggesting that there is abundant size-appropriate sediment for Diporeia 
consumption at all sites. Grain size is also correlated with organic matter content, as there 
is also often more organic matter in finer sediment (Thomas, 1969), which is supported in 
this study, as the sites at 60 meters and deeper do have a smaller mode grain size (14.21 
and 0.627 µm) higher organic carbon content, and more depleted 13C values than 
shallower sites. Though organic carbon content was removed from samples before grain 
size analysis, it is likely that organic and inorganic particles settling in the same area 
would be of similar mass and size.  
Though this study did not find a strong indication that food availability influenced 
Diporeia sediment preference, food availability or quality may still be a factor in habitat 
selection. This study used unspecific measures for food availability (loss on ignition and 
TOC in sediment) as well as for food quality (TN and TP). These measures are imperfect, 
for example sediment TP and TN include inorganic fractions, so the values measured 
here are not all available as food sources. In addition, each sediment chemistry 
measurement represents one moment in time, so does not show the flux of carbon 
through the system. Given the high density of amphipods at some sites, it is possible that 
newly deposited organic matter is quickly consumed, so the carbon observed during any 
one measurement would not capture a high rate of carbon flux (Auer et al., 2013). Simply 
measuring sediment chemistry also does not describe the lability of the carbon, and 
whether it is easily consumed and able to be converted to energy. Finally, as described 
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earlier, Diporeia prefer to consume sediment of a certain size range, so animal selection 
based on grain size may be in part due to food availability, in that they select habitat with 
sediments of a particular grain size because they are easier to consume.  
There was not a clear pattern in Diporeia preference for sediment from different 
times of the year (Trial 2). The contradictory statistical results between loglinear 
modeling and Kruskal-Wallis show the different emphasis placed by each test (Table 6). 
Loglinear modeling places more emphasis on individual data points, in this case 
represented by dishes, and so outliers have a larger influence. It appears that while the 
overall difference between groups is small (Kruskal-Wallis test), the large variance in the 
number of animals found burrowed in dishes (see the June 60m trial for an example, 
Figure 4B), skews the loglinear modeling analysis. Therefore, there is some evidence that 
Diporeia burrowed non-randomly in this trial, but there is no clear pattern in Diporeia 
preference for sediment from different times of the year. Given previous studies 
demonstration that Diporeia can gain a significant portion of its annual energy during the 
spring diatom bloom (Dermott & Corning, 1988; Gardner et al., 1990), I assumed that 
Diporeia would select sediment from warming summer months, June and July when 
primary production may be greater. Sediment trap studies along the Keweenaw Peninsula 
have shown that carbon and nitrogen concentration is slightly higher when Lake Superior 
is stratified than when it is unstratified (Urban et al. 2004). However, the oligotrophic 
Lake Superior does not have the same large spring phytoplankton bloom that was 
characteristic in the Lower Great Lakes prior to the invasion of dreissenid mussels, so 
may not have the same seasonal delivery of high energy detritus. Recent studies have 
shown that annual chlorophyll a levels in Lakes Huron and Michigan are now similar to 
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those in Lake Superior, suggesting that Lake Superior’s primary production is similar to 
that of the lower Great Lakes post dreissenid invasion, without a pronounced 
phytoplankton bloom (Fahnenstiel et al., 2016; Sterner, 2010). Sediment was also frozen 
between collection and when the experiment was run in November, which could have 
altered any algae cells present. For example, studies from Belgium found that abruptly 
freezing freshwater diatom samples to -20°C was lethal to most diatom strains (Souffreau 
et al., 2010),  so freezing the sediment may have killed any diatoms present which may 
affect Diporeia preference 
 The test comparing recently deposited sediment compared to older sediment 
(Trial 3) also produced some contradictory results. There was some evidence that 
sediment depth alone influenced Diporeia choice (Kruskal-Wallis), and other evidence 
suggesting the interaction between site and sediment depth is the best fit model (loglinear 
modeling). More Diporeia were found burrowed in the most recently deposited surficial 
sediment (0-2cm) at both the 30 and 60m site (Figure 5, Table 9), though only the 
comparison between sediment 0-2cm deep and 2-4cm deep was statistically significant. 
 In multiple trials, there was a large range of individuals found burrowed between 
replicates, (in different dishes of sediment from the same site or treatment). For example, 
between 2 and 22 individuals burrowed in dishes with 60m sediment in Trial 1, and 
between 0 and 15 individuals burrowed into dishes of the same treatment in Trial 3. This 
raises the question whether there is any herding behavior among Diporeia, or whether 
there is another social cue impacting animal preference. Otherwise, I might expect lower 
variance. This observation could suggest that there is an advantage to a higher density of 
Diporeia, such as for protection from predation or reproduction.   
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Explanations of how dreissenid mussels may be contributing to Diporeia 
population declines are usually focused on competition, hypothesizing that Diporeia may 
be food-limited due to changes in the phytoplankton community, or because preferred 
food is filtered out of the water column before it reaches the lakebed. Dreissenid mussels’ 
impact on increasing water clarity and decreasing chlorophyll levels has long been 
studied, but they also have an impact on physical habitat. Dreissenid shells cover the 
lakebed when animals are in high abundance, which both stabilizes sediment, and creates 
a hard substrate. Their filtering process is not selective, as dreissenids filter particles 
larger than 0.4µm, though they are selective in which size fraction they consume, 
preferentially selecting particles between 15 and 40µm in laboratory experiments 
(Karatayev et al., 2002; ten Winkel & Davids, 1982). This range is consistent with the 
sediment grain size of sites preferred by Diporeia in this experiment. Observations from a 
site in eastern Lake Erie near the Niagara River also indicated that sediment grain size 
shifted from 1988 to 1992 as dreissenid mussel populations increased at the site. Between 
1988 and 1991 sediment had a median grain size of 125-200µm (fine sand) but this size 
decreased to 4-7µm (silt) by 1992 (Howell et al., 1996). This was hypothesized to be in 
part due to dreissenid psuedofeces, which has been shown to be less than 10µm in 
diameter (Reeders & Bij de Vaate, 1992; Howell et al., 1996). Given Diporeia’s 
preference for sediment with a mix of fine sand and silt particles shown in this study, this 
shift to clay and silt could have a large impact on Diporeia habitat if this pattern is seen 
elsewhere in the Great Lakes. The role of mussels as ecosystem engineers, altering the 
physical habitat and sediment grain size should continue to be investigated, to see 
whether physical habitat changes may be able to help explain Diporeia decline. 
40 
 
Diporeia is a key species in Lake Superior and the Laurentian Great Lakes, so much 
so that it is included as an indicator of ecosystem health in the Great Lakes Water Quality 
Agreement (IJC, 1987; Scharold et al., 2004). Its population decline in the lower Great 
Lakes has caused major concern due to its importance in the food web as well as its role 
in bioturbation, and therefore oxygen penetration in Great Lakes sediment. Despite 
Diporeia’s importance, much about this animal is still unknown.  This study 
demonstrates the importance of physical habitat, specifically sediment grain size, in 
Diporeia habitat preference. Given the strong relation of Diporeia to its physical habitat 
revealed in this study, hypotheses about how invasive species affect native benthic 
species through altering the nature of sediment characteristics have increased importance, 
and shifts in physical habitat post dreissenid invasion may be worth investigating when 





Figures and Tables 
Figure 1. Sampling locations on the North Shore of Lake Superior. Contour lines are at 
50, 100, 150m water depth. Black triangles indicate the mouth of major rivers and 
streams.   
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Table 1. Coordinates of sampling locations and 2018 dates when sediment was collected. 
Diporeia for experiments were collected on the same dates, primarily from 30 and 60m 





5/14 5/16 6/5 6/7 6/27 7/17 8/14 10/6 
15 46º 53.760 N; 
91º 53.491 W 
X   X  X X  
30 46° 53.659 N; 
91°52.685 W 
X   X X X X  
60 46° 53.559 N; 
91°52.270 W 
X X X X X X X X 
90 46° 53.479 N; 
91°51.261 W 
 X X   X X  
120 46° 54.278 N; 
91°46.863 W 
 X X      
150 46° 54.572 N; 
91°45.461 W 





Table 2. Summary of preference/avoidance trials performed over the summer of 2018. 
Trial 
ID 












1A Water Depth 
(Tank A) 
6/20/2018 4 50 52 
1B Water Depth 
(Tank B) 
6/20/2018 4 50 47 
2A Seasonal (30m 
sediment) 
11/16/2018 3 47 29 
2B Seasonal (60m 
sediment) 
11/16/2018 3 50 40 
3 Water Depth 
and sediment 
depth 
8/22/2018 4 50 44 






6 50 41 
5 Food 
Supplement 






Figure 2. Number of Diporeia burrowed in surficial sediment from given depths from A. 
Trial 1A and B. Trial 1B. Here and elsewhere, points represent one petri dish, red dashes 


































































Figure 3. Number of Diporeia by depth of sediment from water surface from Trial 1 


































Table 3. Summary statistics (loglinear and Kruskal-Wallis ANOVA) for all models 
without control included. 
  Loglinear modeling Kruskal-Wallis ANOVA 
Trial 
ID 
Model χ2 d.f. p χ2 d.f. p-value 
1A Tank A only 43.32 18 <0.001 20.357 5 0.0011 
1B Tank B only 25.97 18 0.10 17.817 5 0.0032 
1 Tank A and 
B combined  





74.68 41 0.0010    
 Depth*Tank 
Combined* 
69.29 36 <0.001    
 
Table 4. AIC values from loglinear modeling statistics used to select model with best fit. 
Model AIC  
Depth * tank 93.29 
Depth + tank 88.68 
Depth only 86.93 
 
 
Table 5. Multiple comparisons between 30- and 60-meter sediment (columns) and all 
others (rows) from post-hoc Dunn test following Kruskal-Wallis ANOVA on Tank A and 
B combined (Trial ID 1), including and excluding controls.  
Depth (m) 30 60 
15 0.11 0.028 
30   1 
60 1  
90 0.0014 <0.001 
120 0.0014 <0.001 







Figure 4. Number of Diporeia burrowed in dishes full of surficial sediment from given 
months. A. 2A (30m sediment) and B. 2B (60m sediment) from the given months.  
 
 
Table 6. Summary statistics without control. χ2 values represent likelihood ratio. 
 
  Loglinear modeling Kruskal-Wallis ANOVA 
Trial ID Model χ2 d.f. p χ2 d.f. p-value 
2A 30m 
sediment 
16.26 8 0.039 1.95 3 0.58 
2B 60m 
sediment 
38.00 10 <0.001 
 






























































Figure 5. Trial 3. Number of Diporeia burrowed in surficial sediment from given water 



































Table 7. Loglinear modeling statistics used to select model with best fit, controls not 
included. 
Model χ
2 d.f. p-value AIC 
Water Depth + Sediment Depth 81.77 20 <0.001 89.77 
Water Depth * Sediment Depth 69.94 18 <0.001 81.94 
Sediment Depth only 82.33 21 <0.001 88.33 
 
Table 8. Statistics from Kruskal-Wallis ANOVA, controls not included 
Model χ2 d.f. p-value 
Sediment Depth 6.11 2 0.047 
Water Depth 1.93 1 0.16 
Water Depth*Sediment Depth 8.77 5 0.12 
 
Table 9. Results of Dunn-test for multiple comparisons after Kruskal-Wallis test 
(Controls not included) 
Comparison P-value (adjusted) 
0-2 2-4 0.042 
0-2 4-6 0.057 






Figure 6. Trial 4. Number of Diporeia burrowed in sediment from the given water (and 
sediment) depth.  
 
Table 10. Results of Dunn-test for multiple comparisons after Kruskal-Wallis test for trial 
4. (Controls not included) 
Depth (m) 30 (2-4) 60 (2-4) 90 (0-2) 
60 (2-4) 1   
90 (0-2) 0.048 0.071  
































Figure 7. Trial 5. Number of Diporeia burrowed in surficial sediment with given food 
additions. Low treatments had 0.05mg of food added to 28.21 mL of sediment while high 



































Table 11. Loglinear modeling statistics used to select model with best fit, controls 
included. 
Model χ
2 d.f. p-value AIC 
Food Type + Amount 41.03 26 0.031 49.03 
Food Type * Amount 27.63 24 0.28 39.63 
Amount only 42.08 28 0.043 46.08 
 
 
Table 12. Statistics from Kruskal-Wallis ANOVA, controls excluded. 
Model χ2 d.f. p-value 
Food Type * Amount 1.19 4 0.88 
Amount only 0.87 2 0.65 







Figure 8. Percent loss on ignition in surficial sediment sample (0-2cm) from given water 
depth determined by loss on ignition. Points represent 1 replicate, red dashes represent 
the mean, and whiskers are 1 standard deviation from the mean. 
 
Table 13. Results of Tukey HSD pairwise tests for LOI. 
 15 30 60 90 120 
30 0.94     
60 0.0003 0.0022    
90 0.00012 0.00069 0.94   
120 0.00022 0.00088 0.6 0.95  











































Figure 9. Sediment chemistry by site depth. A. Percent TOC B. Percent TN C. Percent 





Figure 10. Sediment chemistry by site depth. A. C:N B. C:P C. N:P. Boxplots show 
median, and 25% quartiles. Points represent individual samples.  
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Table 14. Results of Tukey HSD pairwise tests for TC.   
 15 30 60 90 120 
30 0.52     
60 <0.0001 <0.0001    
90 <0.0001 <0.0001 0.47   
120 <0.0001 <0.0001 0.023 0.43  
150 <0.0001 <0.0001 0.68 1.00 0.40 
 
Table 15. Results of Tukey HSD pairwise tests for TN. 
 15 30 60 90 120 
30 0.70     
60 <0.0001 <0.0001    
90 <0.0001 <0.0001 0.36   
120 <0.0001 <0.0001 0.00051 0.055  
150 <0.0001 <0.0001 0.60 1.00 0.048 
 
Table 16. Results of Tukey HSD pairwise tests for TP. 
 15 30 60 90 120 
30 0.84     
60 0.00059 <0.0001    
90 <0.0001 <0.0001 <0.0001   
120 <0.0001 <0.0001 0.057 0.022  
150 <0.0001 <0.0001 <0.0001 0.24 0.78 
  
Table 17. Results of Tukey HSD pairwise tests for C:P. 
 15 30 60 90 120 
30 0.49     
60 <0.0001 <0.0001    
90 0.0021 0.12 0.11   
120 <0.0001 0.0015 0.99 0.19  





Table 18. Results of Tukey HSD pairwise tests for N:P. 
 15 30 60 90 120 
30 0.60     
60 <0.0001 <0.0001    
90 0.0027 0.098 0.14   
120 <0.0001 0.0015 0.75 0.040  





Figure 11. 13C from EA-IRMS. Boxplots show median, and 25% quartiles. Points 
represent individual samples. 
 
Table 19. Results of Tukey HSD pairwise tests for 13C.  
 15 30 60 90 120 
30 0.97     
60 0.13 0.134    
90 <0.0001 <0.0001 0.0027   
120 <0.0001 <0.0001 <0.0001 0.052  







Figure 12. Bulk density of surficial sediment. Boxplots show median, and 25% quartiles. 
Points represent individual samples. 
 
Table 20. Results of Tukey HSD pairwise tests for Bulk Density (g/mL).  
 15 30 60 90 120 
30 1.00     
60 <0.0001 <0.0001    
90 <0.0001 <0.0001 0.51   
120 <0.0001 <0.0001 0.041 0.61  




Figure 13. Percent of representative sample of a given grain size for different water 
depths (m). Vertical bars represent break points between clay (<2m), silt (2-50m), and 




















954.8 322.4 599.3 Moderately 1.80 Fine -0.29 0.74 




14.21 55.21 12.93 Poorly 3.72 Fine -0.15 1.12 




14.21 55.21 8.04 
Very 
Poorly 
4.71 Fine -0.23 0.96 




14.21 0.627 8.74 
Very 
Poorly 
4.31 Fine -0.25 1.076 
0.883 11.17 47.45 




0.768 8.248 22.57 




0.821 9.405 25.96 
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